The ligand field spectrum of Cu(II ) exchanged zeolite Y, obtained after saturation with H 2 O and NH 3 and during the gradual desorption of these ligands, was measured by diffuse reflectance spectroscopy (DRS ). DFT and ab-initio calculations on several model clusters were performed to interpret the spectra. The structure of the model clusters was optimized by means of density functional theory (DFT ), using the B3LYP functional. The electronic spectra of the models were calculated using multiconfigurational perturbation theory based on a CASSCF wavefunction (CASPT2) and compared with the DRS spectra. ]2+ complex is present, but the Cu2+ center in this complex must still be coordinated to one or two lattice oxygens in the zeolite. Secondly, calculations were performed on large cluster models, representing the adsorption complexes of one H 2 O or one NH 3 ligand on Cu2+ in the six-ring sites in zeolite Y. The ligand field spectrum of partially dehydrated and deammoniated Cu(II )Y shows d-d transitions at a lower energy than the spectrum of fully dehydrated Cu(II )Y, which is confirmed by the CASPT2 results of the six-ring clusters.
Introduction
often unsaturated, leaving the possibility for adsorption of small molecules to the metal site. The knowledge of the coordination and electronic Zeolites containing transition metal ions are widely studied, because of their interesting adsorpstructure of the transition metal centers is important for the investigation of the catalytic potential tive and catalytic properties [1] . These ions, introduced into the zeolite by ion exchange, can occupy of these materials. X-ray diffraction ( XRD) gives information specific coordination sites after dehydration. The resulting coordination to the lattice oxygens is about the location of the transition metal ions in the zeolite unit cell [2, 3] . However, detailed information about the coordination of the metal cannot structure is an average over occupied and nontheir d-d and EPR (electron paramagnetic resonance) spectra closely resemble those obtained in occupied sites. Electronic spectroscopy provides an alternative way to study the coordination envisolution [7] . Infra-red (IR) and EPR studies revealed a [Cu(NH 3 ) 4 ]2+ complex in Cu(II )Y ronment of transition metal ions in zeolites. The energy of the d-d transitions depends on the saturated with NH 3 , and this complex is proposed to be the active catalyst for reduction of NO with number and position of the ligands surrounding the transition metal ion ( lattice oxygens in the NH 3 [8] [9] [10] . The influence of the zeolite environment on the [Cu(NH 3 ) 4 ]2+ complex has been case of zeolites). As such, these spectra provide a 'fingerprint' of the specific metal environment in studied by Raman spectroscopy [11] . In completely hydrated Cu(II )Y, the [Cu(H 2 O) 6 ]2+ comthe zeolite. The ligand field spectra can be measured experimentally by diffuse reflectance spectroplex in the supercage is identified [7, [12] [13] [14] . This complex has been observed not only in zeolite Y, scopy (DRS).
Recently, a combined DFT/ab-initio approach but also in other hydrated Cu2+ zeolites, for example in CuMZSM-5 and in CuMmordenite was applied to study the coordination of Co2+ and Cu2+ to six-ring sites in zeolites, as present in [12, [15] [16] [17] [18] . Upon controlled dehydration or deammoniation, an intermediate species is detected speczeolite A and faujasite-type zeolites [4] [5] [6] . The structure of the local coordination environment of troscopically before the fully dehydrated or deammoniated state is obtained. This intermediate these metals and the corresponding ligand field spectrum were studied using large cluster models, has the following spectroscopic characteristics: (1) an EPR spectrum with 'reversed' g-values including all six surrounding Si or Al tetrahedra, terminated by H or OH groups. Partial geometry ( g ) >g d ) [9, 19] ; (2) the maximum absorption in the DRS spectrum is in the range 10 500-optimizations using DFT (with the BP86 or B3LYP functional ), provide an accurate coordination 12 500 cm−1, to be compared with the absorption range 10 500-15 000 cm−1 for the dehydrated geometry. It was shown that, due to the strong tendency of the transition metal ion to maximize counterparts [7] . There is no agreement on the structure of this intermediate species. It is thought its coordination number, the six-rings are strongly distorted. In the case of Cu2+, a fourfold coordinato be a pseudo-tetrahedral complex of the type (O l ) 3 MCu2+ML (where O l =lattice oxygen and tion in the six-ring site was obtained. For Co2+, a coordination to three, four or five oxygens, L=NH 3 , H 2 O). The site proposed for such complexes is the oxygen six-ring [7, 9] . It was also depending on the distribution of aluminums in the six-ring, may be reached. The electronic spectra of proposed that the intermediate is a trigonal bipyramidal complex with Cu2+ coordinating to three these structures were calculated using multiconfigurational perturbation theory, based on a comoxygens of the six-ring, and to one H 2 O or NH 3 in the supercage and one H 2 O or NH 3 in the plete active space SCF (CASSCF ) wave function: the CASPT2 method. The calculated excitation sodalite cage [19] .
To study the interaction of Cu(II )Y with H 2 O energies of the optimized structures were in excellent agreement with the experimental band posiand NH 3 , the ligand field spectra of Cu(II )Y, obtained after saturation with H 2 O and NH 3 and tions, confirming the quality of the optimized structures.
during gradual desorption, were measured by DRS. To interpret these electronic spectra, DFT The next step is to study the adsorption of small probe molecules on these transition metal centers. and CASPT2 calculations were performed. and x=1, 2. The models of the six-ring site 4.30 meq g−1 was used for ion exchange with Cu2+. The procedure was as follows: 2.5 g are shown in Fig. 1 . Fig. 1 (A) shows a model in which the dangling bonds of the silicon or alumizeolite material was used for 1 l of exchange solution, containing the appropriate amount num atoms are terminated by OH groups, while in the model shown in Fig. 1 (B), hydrogen atoms of CuCl 2 .2H 2 O ( UCB) for obtaining a 0.5 Cu2+ uc−1 (unit cell ) loading. At small are used instead. The Si/Al ratio for zeolite Y is about 2.5, so models were studied with one and exchange levels (Cu/Na<0.01), the ion exchange reaction can be considered as complete [40] . The two aluminum atoms in the six-ring. According to the Loewenstein rule [20], AlMOMAl linkages are exchange reaction was carried out at room temperature for 24 h, and afterwards, the solid material forbidden, and in the case of two aluminum atoms in the six-ring, the aluminums were placed such was separated from the liquid by centrifugation. The material was washed chloride-free and dried that they were intervened by either one or two silicon atoms. Four types of oxygens may be at 60°C.
The freshly prepared and dried Cu(II )Y distinguished: O A and O B are oxygens in the sixring surrounding copper, O C denotes the oxygens samples were then granulated, and the size fraction 0.25-0.40 mm was loaded in a quartz flow cell belonging to the dangling OH groups in the large models, and O D corresponds to an oxygen atom with suprasil window for DRS measurements. DRS spectra were taken with a Varian Cary 5 UVin an adsorbing water molecule. Vis-NIR spectrometer at room temperature. The spectra were recorded against a halon white reflec-3.2. Geometry optimizations tance standard in the range 200-2500 nm. The computer processing of the spectra consisted of Geometry optimizations were performed with density functional theory, using the Turbomole the following steps: (1) subtraction of the baseline; (2) conversion to wavenumber.
code [21] . It was shown in our previous study that the B3LYP functional gives better structures than The samples were first calcined at 500°C in a flow of oxygen for 6 h and then flushed with He BP86 for Cu2+-clusters [6 ] , so B3LYP was used in all calculations. The basis sets from Schäfer at room temperature. A DRS spectrum of this dehydrated Cu(II )Y sample was taken. In a et al. [22] were employed: for copper, the double-f basis set was chosen and enhanced with diffuse p, second step, either NH 
0.80 for hydrogen) were used, while for all other centered ligand field states to any significant extent, and the use of the smaller models considerably atoms, a double-f basis set was chosen.
The geometry of the
, reduces the necessary computational effort. Apart from the different terminating groups, the struc-
complexes (with x=1, 2) was fully optimized within tures of the smaller models are the same as the corresponding large models. They are obtained by the symmetry restrictions of their point group (C i , D 2d and C 2v respectively). The substituting the OH by H groups and reoptimizing only the Si,AlMH bond lengths. CuO Fig. 1 (A)] used to model adsorption complexes on the Cu2+ six-ring sites were optimized without any symmetry 3.3. Calculation of CASPT2 spectra restrictions. However, the following restrictions were imposed to mimic the rigidity of the surroundThe spectra of all considered models were calculated using multiconfigurational perturbation ing zeolite framework: the O C atoms were kept fixed at their positions from XRD [23] , and the theory based on a CASSCF wavefunction, i.e. the CASPT2 method [24] . The MOLCAS-4 software orientation of the O C MH bonds was kept fixed towards the next layer of Si, Al in the crystal. The [25] was used, and the basis sets employed are of the generally contracted ANO (atomic natural O C MH bond distances were optimized, and the entire CuO 6
Si 6−x Al x (L) cluster was allowed to orbital ) type [26 ] ( labeled as ANO-s in the MOLCAS basis set library [4] [5] [6] , the only difference in this study being the presence of the adsorbing ligand.
[2s] for H. The CASSCF/CASPT2 calculations consist of For the calculation of the electronic spectra, the smaller models, shown in Fig. 1 (B), were used. As two steps. First, a CASSCF wavefunction is built by distributing a limited number of valence was shown in a previous study [4] , the presence of either H or OH as terminating groups does not electrons over the orbital active space. In all calculations, we include the five metal 3d orbitals in the affect the calculated exitation energies of the metal-active space, but also a second, virtual d-shell was absolute measure of the intensity to be expected for the corresponding excitation. Indeed, most of added, to account for the 3d 'double-shell' effect, due to the large number of 3d electrons. Nonthe intensity of d-d transitions in transition metal systems stems from vibronic coupling, which is dynamical correlation effects are also connected to the strong s-interaction between the oxygen or not included in our calculations. We will see that the calculated oscillator strengths are indeed small nitrogen ligands and the Cu 3d orbital that is singly occupied in the ground state (i.e. the 3d (in the order of 10−5) in all cases [or even become zero in the case of the centrosymmetric orbital pointing towards these ligands). In order to describe those effects, one molecular orbital,
. This also means that the errors on the calculated results may be rather consisting of a combination of the lone-pairs on these ligands, was also included in the active space.
large. As such, the reported values should be taken as qualitative rather than quantitative. As such, the active space includes 11 orbitals, populated with 11 electrons.
When considering d-d transitions in transition metal systems, scalar relativistic effects may be Remaining correlation effects are dealt with in the second, CASPT2 step, where the CASSCF considered negligible (they only become important when the number of 3d electrons is altered in the wave function is the reference function. In the CASPT2 step, all electrons originating from the transition). Spin-orbit coupling may, however, have some importance, and was therefore included Cu 3p, 3d, Si, Al 3s, 3p, O, N 2s, 2p and H 1s orbitals are correlated. In order to deal with in our calculations. The calculation of the spinorbit couplings was performed by means of an intruder states, a level-shift of 0.3 Hartree, together with a back correction [27, 28] was employed.
effective one-electron operator The CASSCF/CASPT2 calculations were per-
, the full point group symmetry of where Z eff is an effective charge and a the fine structure constant [30] . A value of Z eff =17.1 (in the complex is D 2d
, but since only Abelian point groups are accepted by the MOLCAS code, calcuatomic units of charge) was obtained from a set of test calculations on the free Cu2+ ion, where lations were performed using D 2 symmetry. Additional symmetry restrictions were imposed to the effective charge was scaled until optimum accordance with the experimental spectrum was prevent mixing between orbitals belonging to different representations in the parent symmetry obtained. In the present procedure to calculate the spin-orbit couplings, one set of orbitals describing groups. In Cu2+ complexes, five doublet states arise from the distribution of the nine d-electrons all states is required. For model clusters without symmetry, the average CASSCF orbitals were over the 3d orbitals. State-average CASSCF calculations were performed, including these five used. For models with symmetry, the orbital set was constructed from a weighted average of the doublet states, followed by a CASPT2 calculation on each state. An exception was made for the density matrices resulting from the CASSCF calculations. The different states, between which the
complexes (with x=0, 1, 2), where, for each state, a CASSCF wavefunction spin-orbit coupling was calculated, were then constructed from a full CI expansion in this orbital was optimized.
Oscillator strengths were obtained by calculatset, using the active space (11 electrons in 11 orbitals) described above. The corresponding ing the transition dipole moments, using the CAS state-interaction method [29] and combining them wavefunctions were used to construct the off diagonal elements of the spin-orbit matrix. For the with CASPT2 excitation energies. The calculated oscillator strengths have been included in the tables diagonal elements, CASPT2 energies were used, obtained from CASPT2 calculations where the where appropriate. It should be noted, however, that these results should not be considered an same wavefunctions constituted the reference. 
Results and discussion

Diffuse reflectance spectroscopy
The electronic transitions of dehydrated, (partially) ammoniated and (partially) hydrated 0.5 Cu2+ uc−1 Cu(II )Y are summarized in Table 1 . The spectra are similar to those published previously [7] . Fig. 2(A) shows the DRS spectrum of a dehydrated Cu(II )Y sample. The spectrum is characterized by a broad band with a maximum at about 10 800 cm−1 and shoulders at about 9500, 12 300 and 14 900 cm−1. The sharp band located at 7300 cm−1 corresponds to the first overtone vibration of the terminal silanol groups of the zeolite.
After saturation of the dehydrated Cu(II )Y sample with NH 3 at room temperature, the d-d transitions are shifted to a higher energy, and a broad band with a maximum at 15 800 cm−1 is observed [ Fig. 2(B) ]. In the NIR region, the sharp bands up to 8000 cm−1 are assigned to the overtone and combination bands of adsorbed NH 3 . Upon heating the ammoniated sample in He, the band centered at 15 800 cm−1 gradually disappears [ Fig. 2(C ) ], and at 250°C, the spectrum is characterized by a band at about 10 500 cm−1 and a shoulder at 12 500 cm−1 [ Fig. 2(D shoulders at about 10 400 and 11 400 cm−1 Fig. 4(A) . The structure can be described as an axially distorted octahedron, with four CuMO bonds of 2.02 Å and two longer CuMO bonds of 2.29 Å . These bond lengths can be compared with results obtained by XRD of a CuSO 4
.6H 2 O sample, where the copper ion is surrounded by six water molecules in a distorted octahedral symmetry with CuMO distances of 1.96, 2.07 and 2.29 Å [17] . The structure of
]2+ in CuMZSM-5 has been studied with ENDOR at 4 K, and CuMO distances of 2.04 Å for the four equatorial, and 2.19 Å for the two axial oxygens were estimated [17] . These CuMO distances correspond very well with our DFT results. It should be noted that the distorted octahedron corresponds with one of three (equivalent) minima on the potential energy surface. Fig. 3(B) ]. The sharp and relatively intense bands complex, calculated with CASPT2, is presented in located at 6800 and 8600 cm−1 correspond to the Table 2 . The symmetry of this complex is C i , i.e. overtone and combination vibrations of the centrosymmetric with only an inversion center. adsorbed H 2 O. Upon heating, the d-d band cenSince all ligand field states are gerade (i.e. of A g tered at 12 500 cm−1 shifts towards a lower energy symmetry), electronic transitions between them are with the new maximum at about 11 100 cm−1 dipole-forbidden, and their intensity only arises [ Fig. 3(C ) ]. The original DRS spectrum is restored after heating at 300°C in He.
from vibronic coupling. Without spin-orbit cou- Fig. 4(B) , together with the most difference between the d-d transitions is increased such that the highest transition is now calculated important geometrical parameters. The geometry of the complex is not exactly square planar, as at 10 700 cm−1, in fairly good agreement with the experimentally observed bands at 10 400 cm−1, described in several articles on the adsorption of NH 3 in Cu2+ loaded zeolites [8] [9] [10] , but is instead 11 400 cm−1 and 12 500 cm−1 in fully hydrated Cu(II )Y. The difference with the experimental found to have D 2d symmetry, and an almost planar structure. The NMCuMN angle between two neighspectrum must probably be attributed to deficiencies of the CASPT2 method, since also in a boring nitrogens is 92.1, while the angle between two opposite nitrogens is 157. Table 3 CASPT2 spectrum (in cm−1) after inclusion of spin orbit coupling, oscillator strengths (o.s.) of the transitions is symmetry-forbidden. The most intense ters (L=H 2 O, NH 3 and x=1 or 2) and for the corresponding clusters without adsorbant are transition is observed at 16 200 cm−1, in very good agreement with the diffuse reflectance spectrum of shown in Table 4 . The labeling of the six O A ,O B oxygens is indicated in Fig. 5, showing The local symmetry of the oxygen six-rings obtained from XRD is C 3v
, with three O A oxygens still present. Obviously, from the present study, we are not able to predict which lattice oxygens in found at a distance of 2.14 Å and three O B oxygens at a longer distance, 2.85 Å [23] . However, the zeolite Y are involved. Table 4 Structure and binding energy (BE) of the CuO 6 a For the labeling of the oxygens and the position of the aluminums in structures B and C, see calculated structures reveal strong local deformCuMO A1 bond (O A1 being bound to the second aluminum) at the expense of CuMO A2 and ations of the six-rings. From the calculated structural data for the different cluster models, it is CuMO B1 . However, in the cluster shown in Fig. 5(C ) , the second aluminum is bound to O A2 clear that these deformations serve two purposes, viz. (1) to provide an additional short CuMO and prevents the weakening of the CuMO A2 bond in favor of CuMO B2 . As such, we find a considerbond, thus giving Cu2+ a coordination number of four instead of three, and (2) to provide as many ably shorter CuMO A2 and a considerably longer CuMO B2 bond in the cluster shown in Fig. 5 (C ) CuMO bonds as possible, containing oxygens bound to one of the available aluminums. This is than in the other two structures. This third structure is on the whole considerably less distorted illustrated by Table 4 and Fig. 5 . In all three cases, the bond distance between copper and O B2
, bound from the average trigonal structure obtained from XRD. This can also be seen from the changes in to one of the aluminums, is strongly reduced as compared to the crystal value, to 2.07-2.21 Å . In the TMOMT angles between the clusters with and without Cu2+, which are smaller than in the case the ring with only one aluminum (cluster A in Fig. 5 is bound to aluminum, whereas O A2 is bound between two silicons. The fact that Cu2+ causes a bond is now instead formed with the extra-lattice ligand. Which of the bonds is given up depends distortion in the six-ring can clearly be observed when the values of TMOMT angles in clusters on the original structure: in clusters A and B, the CuMO A2 is further released as compared to the containing Cu2+ are compared with rings, optimized without Cu2+ ( Table 4) . For structure A, naked cluster, while after adsorption of H 2 O or NH 3 to cluster C, the CuMO B2 bond is released, the TMO A MT angles are reduced due to the presence of the metal ion, while TMO B MT angles such that the original deformation of the six-ring is relaxed. From the binding energies in Table 4 , systematically become larger.
When a second silicon is replaced by an alumiwe also notice that in the case of two aluminums, the distribution found in structure B gives rise to num, two different situations can occur. In the model shown in Fig. 5(B) , the presence of the a considerably stronger CuML bond than the alternative distribution of structure C. The strongsecond aluminum does not lead to any strong alterations of the structure as compared to cluster est CuMNH 3 bond is calculated for the ring with only one aluminum, while H 2 O binds strongest to A, except for a shortening by 0.11 Å of the copper in a six-ring with two aluminums, distribCu( II )Y. The highest and strongest transition is now calculated at around 12 500 cm−1 in structure uted as in structure B. It is also clear that NH 3 systematically gives a stronger bond to Cu2+ than B, for both NH 3 and H 2 O, in agreement with experiment. Slightly lower excitation energies are H 2 O in the considered oxygen six-rings, in agreement with the observations from Naccache found for the clusters with only one aluminum. All calculated excitation energies of cluster C are and Ben Taarit [13] .
The calculated spectra of the three considered even lower, the highest transition being calculated at 10 400 cm−1. However, considering that the six-rings, with and without an external ligand, are presented in Table 5 . Again, a distinction can be binding energy of both NH 3 and H 2 O is considerably lower for this than for the other two clusters, made between clusters A, B, containing a short CuMO B2 bond, and cluster C, with a strong zeolite-adsorbant complexes with an aluminum distribution as in cluster C may be expected to be CuMO A2 but much weaker CuMO B2 bond. As one can see, the latter structure gives rise to a slightly less abundantly present, and provide only a weak contribution to the observed electronic spectrum. weaker ligand field than the other two structures, both with and without L. The calculated spectra Finally, it should be noted that, even if the results of our calculations on clusters with only one of structures A, B are in excellent agreement with the experimental band positions in the DRS NH 3 or H 2 O conform with the experimental observations, we cannot exclude the possibility that a spectra ( Table 1) . Without H 2 O or NH 3 , all fair bands are well reproduced. For structure C, the contribution to the latter may also be provided by adsorption complexes containing more than one calculations do not show a transition at 12 500 cm−1, but instead, two excitations are calcuexternal ligand. This possibility is currently being investigated. lated around 10 500 cm−1. The calculations also nicely reproduce the observed red shift in the spectra of partially dehydrated or deammoniated 5. Conclusions Table 5 In order to study the interaction of H can also be used to represent framework
